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The wave nature of electrons in semiconductor nanostructures results in spatial interference effects similar to
those exhibited by coherent light. The presence of spin–orbit coupling renders interference in spin space and
in real space interdependent, making it possible to manipulate the electron’s spin state by addressing its orbital
degree of freedom. This suggests the utility of electronic analogs of optical interferometers as blueprints for
new spintronics devices. We demonstrate the usefulness of this concept using the Mach–Zehnder interferometer
as an example. Its spin–dependent analog realizes a spin–controlled field–effect transistor without magnetic
contacts and may be used as a quantum logical gate.
Quantum phase coherence of electrons in nanostructures
has been exhibited in a number of interference experiments.
Aharonov–Bohm oscillations of the electrical conductance
through mesoscopic rings were observed1,2 and used to de-
sign the first solid-state electron interferometers.3,4 Electronic
double–slit5 and Mach–Zehnder6 interferometers have re-
cently been realized in two–dimensional (2D) semiconductor
heterostructures.7 In addition to revealing intriguing proper-
ties of matter at the nanoscale, quantum–coherence effects
could possibly be utilized for the creation of new electronic
devices. One example are proposals8,9 to build quantum
switches from coupled electron wave guides.
Recent ideas10,11 to manipulate current flow by addressing
the spin degree of freedom of charge carriers are attracting
a lot of interest. Some of these proposals involve phase–
coherent spin–dependent transport in nanostructures. Spin de-
pendence can be introduced by the presence of magnetic mate-
rials, as in the spin–dependent Fabry–Pe´rot interferometer12,13
realized with electrons in magnetic multilayers. Similarly, an
early theoretical suggestion14 for an electronic analog of the
electro–optical modulator utilized magnetic contacts as polar-
izers and analyzers. However, its basic functionality rests on
the experimentally confirmed15,16,17 tunability of spin preces-
sion due to the Rashba effect18 that arises from structural in-
version asymmetry19 in 2D electron systems. As a possible
alternative to an entirely magnet–based spintronics, theoreti-
cal proposals for spin polarizers without magnets have been
put forward recently which are based on the interplay of the
Rashba effect with resonant tunneling20,21,22,23 and quantum
interference.24,25,26 Here we explore a new direction toward
spintronics devices that are inspired by quantum–optics setups
and combine interferometry in real space with spin precession
in nonmagnetic nanostructures.
As an example, we consider the geometry of an electronic
Mach–Zehnder (MZ) interferometer shown in Fig. 1. The
setup is analogous to its quantum–optics counterpart.27 Two
electronic beam splitters and perfectly reflecting ‘mirrors’
can be realized in a suitably nanostructured 2D electron sys-
tems,6,28,29 e.g., by point contacts and a hard–wall confine-
ment. To be specific, we assume the interferometer arms to
be quasi–onedimensional electron wave guides and character-
ize beam splitters and mirrors by appropriate scattering matri-
ces.30 Spin–dependent quantum input and output amplitudes
are labeled according to Fig. 1. In addition, front and back
gates are used to independently manipulate Rashba spin split-
ting and electron density in the 2D electron system.31 In the
following, we neglect electron–electron interactions and as-
sume low enough temperature such that the phase–coherence
length exceeds the interferometer size.
We first illustrate the basic function of the spin–dependent
MZ interferometer by considering the ideal case where the
width of electron wave guides is much smaller than the spin–
orbit–induced spin precession length Lso, and only the low-
est wave–guide subband is occupied. To a good approxima-
tion, single–electron eigenstates are then also eigenstates of
the spin component that is perpendicular to the wave guide
and lies in the plane of the 2D electron system. For a given
energy E, eigenstates labeled by σ = ± have wave numbers
kσ = kE − σ pi
Lso
where kE =
√
2mE
h¯2
+
(
pi
Lso
)2
. (1)
The requirement of mutually perpendicular propagation di-
rection and spin–quantization axis for eigenstates results in
unavoidable spin mixing at beam splitters and mirrors. In ad-
dition, the two eigenstates acquire different dynamical phases
ain
bin
aout
bout
w
h
FIG. 1: Schematic setup of the spin–dependent electronic Mach–
Zehnder interferometer. Two incident electron spinors, denoted as
ain = (ain+, ain−)
T and bin = (bin+, bin−)T, are mixed by a beam
splitter and fed into two interferometer arms. Externally tunable
Rashba spin splitting induces spin–dependent dynamical phase shifts
for traveling electron waves. The interplay between spin precession
during propagation and interference at the second beam splitter de-
termines the output spinor amplitudes aout, bout
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FIG. 2: Transport coefficients for the spin–dependent MZ interfer-
ometer, given in the basis of spin–split eigenstates in each lead. Re-
flection processes are described by a spin–independent conductance
GR. In contrast, horizontal transmission depends on whether spin
is conserved (GH‖) or flipped (GH⊥). The same holds for vertical
transmission. All conductances can be modulated by gate voltages.
during propagation in the same interferometer arm. Interfer-
ence effects in the structure are most conveniently embodied
in an effective spin–resolved scattering matrix32 S, relating
output spinors aout, bout to the incident ones ain, bin:

aout+
aout−
bout+
bout−

 =


r1++ r1+− t2++ t2+−
r1−+ r1−− t2−+ t2−−
t1++ t1+− r2++ r2+−
t1−+ t1−− r2−+ r2−−


︸ ︷︷ ︸
S


ain+
ain−
bin+
bin−

 .
(2)
It can be calculated from the individual scattering matrices for
the beam splitters (Sbs) and mirrors (Sm). These are33
Sbs =


i
2 − 12 1√2 0
− 12 i2 0 1√2
1√
2
0 i2
1
2
0 1√
2
1
2
i
2

 ; Sm = 1√2


i −1 0 0
−1 i 0 0
0 0 i 1
0 0 1 i

 ,
(3)
where the optimal case of identical and symmetric beam
splitters is assumed. A standard calculation yields S =
eikE(h+w)S(MZ) with the energy dependence entirely con-
tained in kE . S(MZ) has reflection and transmission amplitudes
r
(MZ)
jσσ′ = ir
(MZ)
1σ,−σ = −ir(MZ)2σ,−σ =
sin
(
pih
Lso
)
sin
(
piw
Lso
)
i
√
2
,(4a)
t
(MZ)
2++ =
[
t
(MZ)
2−−
]∗
= −e−i pihLso cos
(
piw
Lso
)
, (4b)
t
(MZ)
1++ =
[
t
(MZ)
1−−
]∗
= −e−i piwLso cos
(
pih
Lso
)
, (4c)
t
(MZ)
2+− = −t(MZ)2−+ = sin
(
piw
Lso
)
cos
(
pih
Lso
)
, (4d)
t
(MZ)
1+− = −t(MZ)1−+ = − sin
(
pih
Lso
)
cos
(
piw
Lso
)
. (4e)
An important functional aspect of the spin MZ interferom-
eter can be gleaned from the linear 4× 4 conductance matrix
G that is related to the scattering matrix via Gjk = e22pih¯ |Sjk|2.
It has a surprisingly simple form:
G =


GR GR GV‖ GV⊥
GR GR GV⊥ GV‖
GH‖ GH⊥ GR GR
GH⊥ GH‖ GR GR

 , (5)
and we find from the results given in Eqs. (4)
GR =
1
8
[
1− cos
(
2piw
Lso
)][
1− cos
(
2pih
Lso
)]
, (6a)
GV‖ =
1
2
[
1 + cos
(
2piw
Lso
)]
, (6b)
GH‖ =
1
2
[
1 + cos
(
2pih
Lso
)]
, (6c)
GV⊥ =
1
4
[
1− cos
(
2piw
Lso
)][
1 + cos
(
2pih
Lso
)]
, (6d)
GH⊥ =
1
4
[
1 + cos
(
2piw
Lso
)][
1− cos
(
2pih
Lso
)]
. (6e)
The physical meaning of these conductances can be under-
stood in terms of probabilities for associated reflection and
transmission processes, as illustrated in Fig. 2. Interestingly,
reflection processes turn out to be characterized by a spin–
rotationally invariant effective conductance GR. In contrast,
transmission probabilities depend on whether or not the spin
state is conserved. Spin–conserving transmission depends
only on the interferometer size in propagation direction and is
different, in general, from transmission involving a spin flip.
All conductance coefficients oscillate as functions of the spin–
precession length. In addition to general sum rules that are
mandated by current conservation,30 they obey the relation
2GR =
GV⊥GH⊥
GV‖GH‖
. (7)
Within the single–subband approximation considered here,
conductance coefficients are independent of electron energy.
This is the same property that the ideal spin field–effect tran-
sistor suggested byDatta and Das14 exhibits. Hence all elec-
trons that are injected into the spin–dependent MZ interfer-
ometer within a particular energy window opened by a finite
bias voltage will be scattered in an identical manner.
While knowledge of the general conductance coefficients
given above allows us to predict transport for interferome-
ters of any size, it is useful to highlight a few special cases.
(i) When both w and h are integer multiples of the spin–
precession length Lso, transmission through the MZ interfer-
ometer is perfect, and the vertical and horizontal channels are
completely decoupled. Spin–split eigenstates acquire phase
factors depending on their wave–number difference and the
interferometer size in propagation direction. In other words,
the interferometer acts as if it were not there. (ii) When h
is an integer multiple of Lso and w a half–integer multiple,
transmission is still perfect but incurs a spin flip in the vertical
3channel. This is true independent of the actual spin state of
electrons that are injected into the interferometer. For sym-
metry reasons, an analogous reflectionless case exists for h
and w being half–integer and integer multiples of Lso, respec-
tively; but then the spin flip occurs in the horizontal channel.
(iii) A purely reflecting case is realized when both h and w are
half–integer multiples of Lso. The spin of incoming electrons
turns out to be conserved in this reflection process. Hence
electrons incident in an eigenstate cannot be in an eigenstate
after reflection, and their spin will start precessing.
Clearly a suitably designed structure would enable switch-
ing between any two cases discussed above by adjusting the
spin–precession length. For example, in a MZ interferometer
with h = w, there would be two voltages realizing cases (i)
and (iii), respectively. As function of one input channel only,
such a device acts as a voltage–controlled switch or spin field–
effect transistor, similar to the one discussed in Ref.14. As op-
posed to the design by Datta and Das, however, no magnetic
contacts are involved in the present setup, which is somewhat
related to the spin interference device proposed in Ref.24. In
fact, while spin–dependent interference is crucial for the pos-
sibility to switch between perfect transmission and reflection,
its effect on the incoming electron beam is the same for any
polarization, in particular also for an unpolarized beam.
Changing from case (i) to (ii) would be possible in an inter-
ferometer having h = 2w. In that mode, the MZ interferome-
ter acts like a quantum negator for the channel that is transmit-
ted through the shorter interferometer arm. Interestingly, this
function is not simply performed here by a Rashba–induced
spin precession that was suggested earlier34,35 as a means to
induce phase shifts in a qubit. This is clearly illustrated by
the fact that the quantum negation in our MZ interferometer
occurs for electrons incident in any spin state, in particular, in
Rashba eigenstates that would not precess in the previously
discussed35 two–terminal device.
As a further application, the spin–dependent MZ interfer-
ometer would be an excellent tool for measuring the effect of
any two–terminal device on carrier spin. Such a device could
be inserted into one of the interferometer arms, and changes in
the output conductances would directly reflect any spin flip or
rotation rendered by that device. This would be analogous to
the common use of optical MZ interferometers for measuring,
e.g., the refractive index of unknown materials.
The the above–discussed functions of the spin–dependent
MZ interferometer are independent of electron energy, render-
ing it unnecessary to keep the electron density constant when
tuning spin splitting. Also, multi–subband devices can be ex-
pected to work just as well as the single–subband case dis-
cussed here, as long as the width of the quasi–onedimensional
interferometer arms is smaller than Lso. Realization of the
suggested spin–dependent MZ interferometer ultimately rests
with the possibility to achieve electrostatic control of quan-
tum interference. Recent observation of the electromagnetic
Aharonov–Bohm effect,36 measurement of voltage–controlled
conductance modulation in an electronic MZ interferometer6
and, in particular, demonstration of gate–controlled spin–orbit
quantum interference effects in lateral transport37 suggest that
the associated experimental challenges can be met.
In conclusion, we have calculated transport properties of
a spin–dependent electronic Mach–Zehnder interferometer.
The interplay of electron–wave interference and Rashba spin
splitting results in a host of interesting electronic–transport
effects. In particular, this structure can work as a field–
effect switch. While the device operation is based on spin–
dependent interference effects, switching occurs indepen-
dently of the spin polarization of charge carriers and in the
absence of magnetic fields. Certain realizations of such an in-
terferometer perform quantum–logic gate functions. This ex-
ample leads us to believe that electronic analogs of other op-
tical interferometers in nanostructures with Rashba spin split-
ting will also lead to interesting new spintronics devices with
possible application in quantum–information processing.
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